1. Introduction {#sec0005}
===============

Immunologically relevant proteins are critical for the functioning of cellular pathways. Therefore, in the general contexts of target-based therapies and drug designs, it is necessary to fully understand how these proteins and their variants participate in the progressions of inflammatory, autoimmune and infectious human diseases ([@bib0140]; [@bib0310]; [@bib0285]; [@bib0085]; [@bib0110]; [@bib0120]). The task of gathering detailed knowledge about this topic can be aided to a large extent with residue-level structural analyses of immunologically significant proteins and their interaction with receptors ([@bib0195]; [@bib0325]; [@bib0335]). This investigative approach assists in the proper identifications of therapeutic-targets, their structural-assemblies and consistent ligand-receptor interfacial interactions, and thus, plays a vital role in the development of new, innovative medicines ([@bib0060]; [@bib0005]; [@bib0095]; [@bib0190]; [@bib0125]). The present study of molecular dynamics (MD) simulation ([@bib0105]; [@bib0135]; [@bib0320]), focusing on Interleukin-18 (IL-18), falls in this category of computational structural immunology. The main goal of this study is to explore the essential structural and conformational aspects of IL-18 ligand and ligand bound receptor systems.

IL-18, also known as interferon gamma (IFN-γ) inducing factor, is a pro-inflammatory cytokine. IL-18 induces T helper (T~H~) cells 1 and 2 responses, and IL-18 signal transduction cascade can also activate nuclear factor kappa beta (NFκβ) ([@bib0185]). IL-18, a member of interleukin-1 (IL-1) family, is similar to interleukin-12 (IL-12), and is important for supporting the host defense ([@bib0050]; [@bib0075]). IL-18 bridges the gap between innate and adaptive immune responses and is responsible for various inflammatory, autoimmune and physiological conditions, such as inflammatory bowel disease, psoriasis, sepsis, myocardial infarction, Crohn's disease, arthritis and cancer. The IL-18 first binds to the IL-18α receptor (IL-18Rα) and forms a lower affinity complex. Upon binding with IL-18β receptor (IL-18Rβ a hetero-trimeric complex with higher affinity is formed, which initiates the signal transduction process and, triggers the NF-κβ, leading to a downstream transcription through mitogen-activated protein kinase (MAPK) signaling cascades ([@bib0145]; [@bib0205]; [@bib0290]). As reported by previous authors, IL-1Rrp, the main IL-18Rα, binds to IL-18, but not to IL-1β ([@bib0200]). Kato et al. have described the first solution structure of IL-18 ligand ([@bib0145]). This apo version of IL-18 is further modified by Tsutsumi et al. ([@bib0290]). The ligand bound holo forms of IL-18/IL-18R are also elucidated by Tsutsumi et al. The IL-18 binding protein (IL-18BP) is a cell surface receptor that binds to IL-18 and eventually leads to IL-18 neutralization ([@bib0055]). A recent study by Krumm et al. has identified the conserved IL-18BP interfacial binding-region on human IL-18 ([@bib0155]).

In recent years, inhibitor based therapies have shown great potentials for further developments in the pharma and biotech sectors ([@bib0305]; [@bib0015]; [@bib0345]; [@bib0070]; [@bib0175]; [@bib0165]). The treatments of IL-18 related diseases may involve the use of selective or potent IL-18 ligand/-receptor inhibitors that would interfere with, or effectively block the targeted functions ([@bib0090]; [@bib0295]). In our earlier papers we have described the structures and structure-related functional changes of several physiologically relevant proteins ([@bib0260]; [@bib0230], [@bib0235], [@bib0240], [@bib0245], [@bib0250], [@bib0255]). The present simulation study examines the structural stabilities of the ligand-protein, IL-18 and IL-18 receptor (IL-18R) bound ligand structures as functions of time. We analyze here the conformational changes within the ligand-protein, due to receptor binding and, we also identify the possible structurally ordered and disordered region within the apo and holo (ligand-bound) protein complexes.

2. Materials and methods {#sec0010}
========================

2.1. Protein model selection based on experimental structure {#sec0015}
------------------------------------------------------------

All protein structures were collected from the Protein Databank (PDB) website ([@bib0010]) in the form of standard PDB files. For structural studies, we have used Nuclear Magnetic Resonance (NMR) and X-ray crystallographic structures of the human IL-18 ligand-protein 1J0S.PDB ([@bib0145]) and 3WO2.PDB, ([@bib0290]). Additionally 3WO3.PDB and 3WO4.PDB, the X-ray crystallographic structures of IL-18α receptor bound IL-18 and the ternary signaling complex of IL-18 have been utilized ([@bib0290]). The 3F62.PDB, an IL-18 complex with IL-18BP of *Ectromelia virus* has also been briefly mentioned ([@bib0155]). The resolution values for the X-ray structures 3WO2, 3WO3, 3WO4 and 3F62 are 2.33 Å, 3.10 Å, 3.10 Å and 2.00 Å respectively.

2.2. Software for simulation and data analyses {#sec0020}
----------------------------------------------

Nanoscale Molecular Dynamics (NAMD) and Visual Molecular Dynamics (VMD) programs were used for time-based simulations ([@bib0115]; [@bib0220]), and the aligned protein sequences were studied with Molecular Evolutionary Genetics Analysis (MEGA 7) ([@bib0160]). IL-18 interactome analyses were performed using the Cytoscope package ([@bib0275]), and 3D protein graphics were developed with Biovia Discovery Studio Visualizer, v16.1.0.15350 ([@bib0040]). The plots were constructed with Origin ([@bib0215]).

2.3. Modeling and simulation {#sec0025}
----------------------------

The experimental simulation setup for IL-18 and IL-18/IL-18R were similar to those reported previously ([@bib0230], [@bib0235], [@bib0240], [@bib0245], [@bib0250], [@bib0255]). Based on the native/original protein, the protein structure file (PSF) along with a corresponding PDB structure was generated. The NAMD software required both the PSF and the modified PDB files as simulation inputs, and these files were created using the Automatic PSF Builder (autoPSF) graphical user interface (gui) of VMD. The topology file, PSF had all the structural information while the modified PDB file contained the predicted hydrogen atoms coordinates. The solvated and neutralized protein structures were obtained using solvate and ionize gui of VMD, where a 0.15 mol/L concentration of NaCl was used for system neutralization.

Energy minimization for the system was performed in 10,000 steps using the NPT ensemble. The final production run was carried out for 20 ns at 298 K using the NVT ensemble and employing the CHARMM force field. A combined version of CHARM22/CHARMM27/CMAP force field was used for this purpose. CHARM22 and CHARMM27 provided the necessary parameter files for the proteins as well as the lipids. The proteins were subjected to phi, psi cross term map (CMAP) corrections (a built-in feature of NAMD plugin gui); these force field parameter files were necessary to calculate the energies. The periodic boundary condition with "Langevin on" control was applied in each case, with an "active" setting of particle mesh ewald (PME). The Langevin Damping was set to 1. The time steps were set to 1 femtosecond (fs), with 20 steps per cycle selected.

For the basic dynamics, the dielectric value was set to 1.0. The periodic cell basis and periodic cell center were selected according to the PDB coordinates. The time frames of each system were saved as "DCD" files. The output parameters, like DCD/XST output frequency, energy output frequency and restart file frequency, were chosen according to system specifications. Most of these parameters were kept at their default values incorporated in the NAMD gui. This simulation approach is based on the conformational sampling of the predominant (especially early-stage) structural changes of the four systems studied here ([@bib0035]; [@bib0045]). The computational protocol was designed to obtain the basic frameworks for the IL-18 ligand and the ligand bound holo structures. Additional computational details of the present work have been described elsewhere ([@bib0230], [@bib0235], [@bib0240], [@bib0245], [@bib0250], [@bib0255]).

3. Results and discussion {#sec0030}
=========================

3.1. Analyses of Protein-protein interaction (PPI) network {#sec0035}
----------------------------------------------------------

[Fig. 1](#fig0005){ref-type="fig"} illustrates the connectivity of IL-18 within the protein-protein interaction (PPI) network. Table S1 has been included in the Supplementary Data (SD) to list the abbreviations of [Fig.1](#fig0005){ref-type="fig"}. The PPI is one of the most valuable tools for identifying the ligand-receptor interactions and signaling cascades ([@bib0130]; [@bib0315]). The results have been generated by Cytoscape, on the basis of experimental data, as well as manually curated results obtained using the Mentha database ([@bib0025]). Mentha compiles the proteins' key interaction data collected by International Molecular Exchange (IMEx) databases ([@bib0210]) and analyzes the experimental data with a thorough annotation. The interactions considered here are dominated by physical association (as those studied in affinity chromatography, two hybrid array and two hybrid prey pooling), direct interactions (pull down, cross-linking/molecular sieving/X-ray crystallography/enzymatic study and two hybrid), physical interactions (biochemical) and antitag co-immunoprecipitation. The confidence scores are based on a scale of 0--1 where these values reflect the number of functional PPIs curated by experimental procedures as well as based on data from scientific literature. Nonetheless there is always a possibility that a few interactions may be absent. The score between IL-18 and IL-18R1 interaction is 0.539, which is slightly higher than the usual upper bound of a "medium" range. The score near the range of 1 denotes many PPIs as published in scientific literature whereas lower range represents fewer experimental processes. The PPIs identified between IL-18 and IL-18R1 are primarily of physical/biochemical origins. The high affinity signaling complex IL-18/IL-18Rαβ initially activates toll like receptor (TLR) domains, which, via the recruitment of certain adaptor and recruiter molecules, ultimately trigger the NFκβ and MAPK dependent pathways. Binding of IL-18BP to IL-18 leads to neutralization, and the IL-18/IL-18R signaling cascades are no longer induced ([@bib0150]; [@bib0155]; [@bib0055]).Fig. 1The protein-protein interactome network of IL-18 is generated using Cytoscape. This PPI network is based on Mentha database, and the primary interaction types are shown in slightly faint text. Within this network, the nodes are the proteins, and the edges denote the latters' shared connections. The node colors correspond to the taxonomic groups; dark blue, orange and white represent *Homo sapiens*, *Mus musculus*, and *Ectromelia virus*, respectively. These are default color codes set up in the software package used to generate the diagrams. The associated abbreviations and other details of the figure are explained in SD table S1.Fig. 1

3.2. Observed protein sequence similarities {#sec0040}
-------------------------------------------

The biological sequence alignment between IL-18/IL-1β and IL-18R1/IL-1R type 1 and 2 proteins are plotted in SD Fig. S1 of this report. Fig. S1 indicates notable sequence similarities between IL-18/IL-1β, and also between IL-18R1/IL-1R1 and -1R2. The alignments of IL-18 and IL-18R proteins across the different related species are plotted in [Fig. 2](#fig0010){ref-type="fig"}, [Fig. 3](#fig0015){ref-type="fig"} . Previous authors have noted similar structural and functional similarities between IL-18 and IL-1 and their corresponding receptors ([@bib0145]; [@bib0330]; [@bib0290]). The alignment schemes presented here (Fig. S1) follow the format used by them. These multiple amino acid sequence alignments are generated using the clustal omega (clustalW) algorithm ([@bib0280]) of MEGA software, ([@bib0160]) along with the incorporation of the Blocks Substitution Matrix (BLOSUM) ([@bib0100]). The initial database-search of protein sequence for these analyses was done by Blast. In IL-18 and IL-18R, most of the cysteine (Cys) residues are conserved within different species ([Fig. 2](#fig0010){ref-type="fig"}, [Fig. 3](#fig0015){ref-type="fig"}). Yamamoto et al., have replaced wt IL-18 Cys residues with Serines to make more structurally stable proteins ([@bib0330]). In IL-1β, the S-glutathionylation of a highly conserved Cys residue is considered as a therapeutic target ([@bib0350]). At this time, the possibility of utilizing the conserved IL-18 or IL-18R Cys residues as potential drug targets for various infectious or chronic diseases remains a subject of future investigations.Fig. 2Alignments of IL-18 protein sequences across different species. These multiple sequence alignments are generated using the clustal omega algorithm through MEGA. The asterix (\*) denotes "consensus" throughout the sequences, and the hyphen (-) indicates "sequence gap". The default color codes for specific amino acid residues used in the MEGA software package are displayed, and tabulated in SD Table S2.Fig. 2Fig. 3Multiple sequence alignments of IL-18R proteins across different species. The details are explained in [Fig. 2](#fig0010){ref-type="fig"} and Table S2.Fig. 3

3.3. Structural information on IL-18 ligand, receptor and ligand-receptor systems {#sec0045}
---------------------------------------------------------------------------------

[Fig. 4](#fig0020){ref-type="fig"} describes the structures of the ligand IL-18, the IL-18 bound IL-18R proteins, and the IL-18 complex with IL-18BP. Among the 20 conformers submitted to Protein Databank (PDB) we chose the conformer 1 (Model 1) of 1J0S.PDB. 1J0S is a solution NMR structure of IL-18 ligand-protein ([@bib0145]). This is a single subunit protein that mostly contains β sheets. The undefined loop structure in 1J0S consists of residues 34−42. [Fig. 4](#fig0020){ref-type="fig"}A displays the secondary structure of 1J0S where the indeterminate loop is identified. Three active sites (I, II and III) are generally considered as the main interacting sites for IL-18Rα (sites I and II) and -18Rβ (site III) receptor chains. Site I is made of five residues Arg13, Asp17, Met33, Asp35 and Asp132. Site II is formed by six residues namely, Lys4, Leu5, Lys8, Arg58, Met60 and Arg104. Site III primarily consists of Lys79, Lys84 and Asp98. The Site III residues are primarily responsible for triggering the cell signaling process ([@bib0145]). These residues have been highlighted in a "green stick" mode within the primary interactions site of IL-18 and the IL-18 bound receptor structures.Fig. 4A Line diagram of 1J0S.PDB where the residues of site III are identified and displayed in green stick mode. The loop region residues (34-42) are depicted in grey. B Secondary structure of 3WO2.PDB where the site III residues are identified. C-D Secondary structures of 3WO3.PDB and 3WO4.PDB, the site III residues of 3WO4 are displayed in the green stick mode. These residues are highlighted in the SD table S4. In B, C and D, part of the loop region, (residues 35-40) that turned into a helical structure has been shown in a different color, grey. E. Closer view of site III residues in 3WO4 ligand. F. Secondary structure of 3F62.PDB. To highlight the main interacting residues, the secondary structures in [Fig. 4](#fig0020){ref-type="fig"} have been presented in the line diagrams.Fig. 4

3WO2 is the X ray crystal structure of wildtype (wt) IL-18 ligand-protein ([@bib0290]). Here the IL-18Rβ binding site (IL-18 site III) is somewhat different from the previously identified region III of 1J0S. [Fig. 4](#fig0020){ref-type="fig"}B presents the line diagram of 3WO2 where the site III residues (108--110, 112, 145, 147 and 150) are highlighted in the green stick mode. The variable loop region, which is quite prominent in 1J0S, partially turns into α-helical conformation in 3WO2, and has been shown in a different color, grey in [Fig. 4](#fig0020){ref-type="fig"}B.

[Fig. 4](#fig0020){ref-type="fig"}C illustrates 3WO3, the X-ray crystallographic structures of the IL-18α receptor bound IL-18 ([@bib0290]). Here subunits A and B represent the IL-18 ligand and the IL-18α receptor, respectively. The α receptor consists of three domains, D1, D2 and D3, where the last two are connected by a relatively longer linker region. The ligand-protein, IL-18 resides within the pocket region formed by these three domains. The ligand-receptor interfacial residues in 3WO3 are tabulated in SD Table S3.

The X ray crystal structure of the IL-18 signaling complex, 3WO4, is displayed in [Fig. 4](#fig0020){ref-type="fig"}D ([@bib0290]). This core signaling complex consists of a ternary structure of IL-18 (subunit A), IL-18Rα (subunit B) and -18Rβ (subunit C), with the ligand residing within the D1-D3 pocket of the receptor subunit α. The clusters in 3WO4, consisting of the interface IL-18 residues 31--37, 51--60 and 131--134, that may interact with IL-18Rα. The clusters of interfacial IL-18 residues that possibly interact with IL-18Rβ binding are: 106--110, 144−147. The details of the interfacial residues of 3WO4 are tabulated in SD Table S4. The site III residues in 3WO4 ligand are displayed in [Fig. 4](#fig0020){ref-type="fig"}D. [Fig. 4](#fig0020){ref-type="fig"}E has been included as a further illustrative addition to [Fig. 4](#fig0020){ref-type="fig"}D. These primary site III residues have also been highlighted accordingly in SD Table S4.

3F62, an IL-18 complex with the IL-18 binding protein (IL-18BP) of *Ectromelia virus* is displayed in [Fig. 4](#fig0020){ref-type="fig"}F. This structure of 3F62 has been described by Krumm et al. ([@bib0155]). Part of the IL-18Rα resembles IL-18BP and thus, the binding of IL-18BP with IL-18 blocks the interactions between IL-18 and IL-18Rα ([@bib0155]). The subunits A and B of 3F62 represent IL-18BP and IL-18, respectively. In SD Table S3-S5 we compare the interfacial residues of IL-18 with both proteins, IL-18Rα and IL-18BP. Interactions of the interfacial IL-18 ligand residues with IL-18Rα (3WO3 and 3WO4) and IL-18BP (3F62) are tabulated in SD Table S6. The presences of certain common interfacial interactions between IL-18/IL-18R and between IL-18/IL-18BP can be noted there.

3.4. Analyses of disulfide connectivity in IL-18 systems {#sec0050}
--------------------------------------------------------

Disulfide bonds contribute to protein folding and their conformational stabilities as well as their general functions ([@bib0270]; [@bib0030]; [@bib0265]). 1J0S and 3WO2 have four Cys residues (38, 68, 76 and 127), while none of them forms disulfide bridges ([@bib0330]). Like 3WO2, the A subunits of both 3WO3 and 3WO4 contain four Cys residues in the reduced (-SH) form. IL-18Rα (subunit B) of 3WO3 and 3WO4 contains 10 Cys residues, which, in a combination, form five disulfide bridges between Cys22-Cys41, 43--81, 119--158, 140--185 and 237−298. IL-18Rβ (subunit C) of 3WO4 has 11 Cys, among which, four disulfide bridges are formed between Cys46-Cys126, 155--180, 175--221, and 273−337. The highest disulfide linkages are observed in -α receptor structure of 3WO3 and 3WO4. The positions of the Cys and their linkages in the IL-18 systems are displayed in [Fig. 5](#fig0025){ref-type="fig"} . The calculated values of most of these S---S bond lengths in 3WO2 and 3WO4 are clustered between 2.01 Å--2.05 Å where the usual disulfide bond is limited to a value of 2.3 Å. For a better understanding of the configuration, these bridges and their bond lengths are mapped in SD Fig S2 ([@bib0080]).Fig. 5A-D Cys residues and cystine bridges in A. 1J0S, B. 3WO2, C. 3WO3 and D. 3WO4. E-G Scheme of disulphide connectivity in the IL-18 systems. E. Cys residues of IL-18 ligand in 1J0S, 3WO2, 3WO3 and 3WO4 (subunits A). F. Cystine bridges of IL-18α in 3WO3 and 3WO4 (subunits B). G. Cys residues and cystine bridges of IL-18β in 3WO4 (subunit C). Details of the disulfide mappings are displayed in SD Fig. S2.Fig. 5

Buried Cys residues play a leading role in determining the protein's structural stability, since buried Cys residues are usually embedded within a protein's hydrophobic core. Being surrounded by various hydrophobic and aromatic residues they form hydrophobic and other non-bonded interactions and thus make the protein structure more compact and stable. In 3WO3/3WO4, most of the Cys residues and disulfide bridges of IL-18 and IL-18Rα receptor chains are buried, and hence, are subject to the aforesaid stability criterion. In the 3WO4: IL-18Rβ subunit, however, the Cys residues and some of the disulfide bridges  are mostly surface-exposed. In our previous paper, we have addressed the Cys residue stability resulting from metal binding or structural effects ([@bib0265]). Here, our goal is to examine how disulfide connectivity increases the overall stability in a protein complex. Previous authors explored the possibility of mutating Cys (-SH) to increase the overall stability of a protein ([@bib0330]).

3.5. Molecular dynamics simulations {#sec0055}
-----------------------------------

To check the overall efficacy of the 3D models, the initial protein structures were assessed. Ramachandran plots for the initial structures used in MD simulation are depicted in SD Fig S3. These plots illustrate the favored, allowed and disfavored distributions of phi (φ)/psi (ψ) dihedral angles. The structural evaluations of these figures ensure that most residues are within the favored and allowed region ([@bib0180]). Overall, these plots indicate the effectiveness of the 3D structures; further details are explained in the SD.

[Fig. 6](#fig0030){ref-type="fig"} describes structure based property changes detected during the MD simulations of IL-18 ligand and ligand bound receptor systems. [Fig. 6](#fig0030){ref-type="fig"}A depicts the time-based stability changes of these four systems along with the loop region stability variations within the apo structures. The stability of a system can be determined by its RMSD variations during the simulation time-frame. Other factors that govern the stability of a protein structure/conformation include the root mean square fluctuation (RMSF), as well as findings based on H bonding analyses and secondary structure variations. A visual observation of plot 6A reveals that the overall RMSD values of 1J0S are higher than those of 3WO2. The calculated average RMSD value of 1J0S is greater (3.16 Å) than 3WO2 (2.47 Å). The first 0.6 ns of the simulation was skipped for averaging as initial sampling indicated a steep rise owing to the process of protein-unfolding. These observations gathered from plot 6A lead us to conclude that, apo ligand 3WO2 is more stable than 1J0S. The undefined loop structure and Cys (-SH) residues in 1J0S make this structure less stable. Four Cys (-SH) residues also exist in 3WO2, where the Cys76 and Cys127 species support sulfur-pi interactions with Tyr120 and Phe134, respectively. These sulfur-pi interactions are absent in 1J0S. Though the Cys127-Phe134 pair involves pi-alkyl interactions in both cases. Although some minor variations are observed in 3WO2 loop, overall it maintains a stable nature. The partial conversion of turns into α-helices in 3WO2 strengthens and stabilizes this structure. The undefined loop region in 1J0S is relatively less stable. [Fig. 6](#fig0030){ref-type="fig"}A also demonstrate how MD simulation can indirectly measure the conformational flexibility within this distinct sequences shared by the two systems, 1J0S and 3WO2. Generally, the ligand bound binary 3WO3 is more stable than the ternary structure, 3WO4. Although RMSD variations are observable in both ligand bound receptor complexes, the last ∼2.5 ns of the simulation remains stable and acquires adequate plateaus, as shown in SD Fig. S4. The sulfur-pi interactions observed between Cys76-Tyr120 in 3WO2, are also present in 3WO3 and 3WO4; however, the interaction between Cys127-Phe134 is absent here, despite the signatures of pi-alkyl interactions observed between Cys127 and Phe30 in all three systems, 3WO2−4. The interfacial ligand/receptor residues for all these three protein complexes are listed in SD Tables S3-S5. Later in this report, we will discuss the effect of receptor binding on ligand's conformational and structural stability during the simulation time-scale. An exploratory 10 ns RMSD graph for IL-18/IL-18BP, 3F62 is plotted in SD Fig. S6, and this graph indicates a general temporal stability of the structure.Fig. 6A RMSD graphs for the apo IL-18 and ligand-bound holo IL-18R systems, with a comparison of the loop regions in apo ligands. B RMSD plots of the Cys residues and cystine bridges in the IL-18 apo and holo systems. C Alpha carbon RMSF plots for the apo IL-18 and IL-18 ligand-bound holo systems. D Time dependent variations in the number of hydrogen bonds for all four systems studied here.Fig. 6

[Fig. 6](#fig0030){ref-type="fig"}B represents the stabilities of Cys (-SH) and the cystines within the protein and protein complexes. In the protein 1J0S, the Cys residues show considerable variations. The position of a Cys residue in the variable loop region probably causes this variability. The absence of sulfur-pi interactions, as noted above, may also contribute to structural instability. The Cys in the 3WO2 apo form, however, seem quite stable. The ligand bound binary 3WO3 structure show somewhat elevated RMSD, while the reduced Cys (-SH) in the ligand and cystines in the receptor seems to display an observable degree of stability.

For the ligand bound ternary structure 3WO4, the β receptor exhibit strong RMSD variations compared to those of the ligand and α receptor structures (data not shown). The larger interfacial regions of the α receptor (both with ligand and the β receptor) most likely boost the latter's stability, because the stronger inter-subunit interactions operate in these regions. The existence of three Cys residues in the β receptor could be attributed to the latter's unstable nature. The presence of surface exposed Cys in the IL-18Rβ receptor chain may also be accountable for the β-chain's higher instability. It is possible that, these fluctuations in the β receptor ([Fig. 6](#fig0030){ref-type="fig"}B) cause the overall instability of the ligand bound receptor's trimeric structure ([Fig. 6](#fig0030){ref-type="fig"}A). SD Fig. S5 shows the superposed Cys and the disulfides within the IL-18 systems.

[Fig. 6](#fig0030){ref-type="fig"}C presents the RMSF plots for the four systems. The X-ray structure of monomeric IL-18 ligand 3WO2 is quite stable throughout the timescale. Among the ligand bound receptor systems, the binary structure is more stable than the ternary ligand-receptor complex. The IL-18Rβ chain of the ligand-receptor complex exhibits significant levels of fluctuations; the underlying causes of this higher fluctuation have been described previously, and could be linked to their elevated RMSD values. The H-bond analyses with time are displayed in [Fig. 6](#fig0030){ref-type="fig"}D, which shows a relatively stable apo-form of 3WO2, and suggests no major temporal changes in the number of the associated hydrogen bonds.

The pair correlation function or radial distribution function (RDF) provides a measure of the atoms' local density, g(r), as a function of the distance (r/Å) between the relevant units considered. RDF values were calculated for protein's amide, carbon and oxygen and water (oxygen) during the simulation time. These calculations led to estimates for the distribution of water-bound oxygens surrounding the proteins' certain atoms or atom groups. [Fig. 7](#fig0035){ref-type="fig"} displays these RDF graphs for the four systems, where *δ*r and maximum r were set to 0.1 and 10 Å, respectively. The relatively larger peaks in the RDFs are the indicators of stronger interactions between pairs of atoms, and correspond to comparatively more ordered structures ([@bib0300]). Based on RDF profiles seen in [Fig. 7](#fig0035){ref-type="fig"}, it is possible to infer that the water oxygens around the proteins' NH~2~ group are associated with stronger interactions compared to those of the C or O atoms. The O atoms of the protein are most likely buried to a large extent. The structural ordering of the three interacting groups in these proteins could be written as: NH~2~\>C \> O. From [Fig. 7](#fig0035){ref-type="fig"}, we can also conclude that, 3WO2 and 3WO4 are the most and least ordered structures of the protein, respectively. The C---O and O---O plots for all four proteins, and in particular, those for the 3WO4 structure show somewhat broader peaks after the first shell. These broad peaks are likely linked to the rather wide range of data-distribution. The somewhat jagged character of the curves with the higher g(r) values of initial distances (r) can be attributed to intrinsic noises/artifacts of the simulation process. The data included in this figure are also presented in a different form in SD Fig. S7, where for additional clarity, the results for the four individual systems are displayed separately.Fig. 7The radial distribution functions between different molecules of IL-18/IL-18 ligand bound receptor systems and water. The density, g(r) is plotted as function of radial distance, r (Å).Fig. 7

The time-based graphs in [Fig. 8](#fig0040){ref-type="fig"} , produced using VMD timeline, display the secondary structural changes of the four systems. To enhance clarity of the detailed elements of this figure, a close-up amplified view of this figure is presented in SD Fig. S8. The secondary structural changes of the ligand and the receptor from the ligand bound receptor systems, 3WO3 and 3WO4 can be separtely viewed in the latter figure. Zoomed-in views of the apo IL-18 ligands, IJ0S and 3WO2 are also shown in Fig. S8. In 1J0S, the loop regions 36--42 and 56--61 show minor secondary structural variations. Moderate to high secondary structure changes are observed in loops 106--111 and 141−146. In 3WO2, residues 38--41 remain stable in their helical structure while residues 76--81 continuously change from their 3--10 helical structures to form turns. Residues 56--60, 96--101 and 106--111 also change from turns to coils.Fig. 8A-D Time based changes within the secondary structure of: A. 1J0S.PDB; B. 3WO2.PDB; C. 3WO3.PDB (chains A and B) and D. 3WO4.PDB (chains A, B and C). The X-axis indicates the residue numbers and the Y-axis represents the time frames. The zoomed in view of this figure is presented in the SD as Fig. S8. The scheme of the color codes used in this figure is described in SD Fig. S8H.Fig. 8

A change from 3--10 helices to turn is observed around residues 41--44, within the ligand bound form of the 3WO3 ligand. Like the case of 3WO2, in the 3WO3 ligand, the residues around 76--81 also persistently change from 3--10 helical structure to turn. Aside from this, no other major changes are observed in this case, and overall the ligand in 3WO3 seems slightly more stable than that of 3WO2. The receptor residues 256--261 and 282--295 in the linker-turn region of 3WO3 show a few changes from turn to coils and 3--10 helices respectively. Nevertheless, within the receptor structure, the prominent loop region 207--215 seems rather stable. It is likely that, the protein-protein inter-subunit interactions act to stabilize this loop.

From the structure of 3WO3 it is also clear that the IL-18 fits very well within the typical ligand binding pocket by surrounding receptor domains. Certain accommodative arrangements taking place between the ligand and the receptor's three different domains may make the corresponding region further stable.

It is also evident from [Fig. 8](#fig0040){ref-type="fig"} that, the ligand is a bit more stable in the receptor bound form of 3WO3, as compared to the corresponding case of the apo structure 3WO2. The secondary structure of 3WO4 ligand has an approximately comparable or marginally higher stability with respect to that of the 3WO3 ligand. However, the 3WO4 ligand residues 66--71 show some additional variability from β-sheets to turns. Nevertheless, the changes that are observed around residue 56 in 3WO3 ligand are absent here. The secondary structural changes of the ligand within the ligand bound receptors are plotted in SD Fig. S8. From [Figs. 8](#fig0040){ref-type="fig"} and S8, it is evident that, the ligand is more stable within the receptor-bound forms than in its apo form, and that correspondingly, fewer conformational changes occur within the ligand of 3WO4 upon receptor binding. The IL-18 in 3WO4 is somewhat more stable than 3WO3, even though the overall stability in 3WO3 is higher than that of 3WO4; the relatively higher interfacial inter-subunit interactions present in 3WO4 ligand may be responsible for this higher stability.

The maximum changeability in the secondary structure is observable in the C subunit (IL-18Rβ of 3WO4. The residues around 46--53, 116--119, 200 and 215 of the C chain frequently change from turn to coils or helices. Although one energetically significant cation-pi interaction (Arg147/Tyr212) is present between the subunits A and C of 3WO4 ([@bib0065]), the small interfacial overlap between IL-18 and IL-18Rβ (as well as the geometry of the -β chain) could be related to the destabilizing character and the variations within the secondary structure of 3WO4.

[Fig. 9](#fig0045){ref-type="fig"} presents the total and non-bonded energy plots (van der Waals and electrostatic energies) in the final stage of the simulation for all the four systems studied. Following standard practice ([@bib0170]; [@bib0225]) this plot has been generated based on the observations made in the final 2.5 ns of the full (20 ns) sampling span. These energy plots provide a general evaluation of the protein/protein complexes' temporal stabilities. The plots show some fluctuations within the ligand bound hetero-dimeric receptor, while they also display an overall steady-state profile within the rest of the structures. According to these data, the monomeric apo-forms are the most stable, and among the holo-structures, 3WO3 remains steadier than 3WO4. While the ligand with receptor dimers has more inter-subunit interactions than those of the ligand-receptor monomer system, the conformational freedom of 3WO3 likely plays a key role in the latter's structural rearrangement; eventually, this results in a relatively stronger and ordered form of this structure.Fig. 9Time based energy profiles of the four IL-18 systems examined, showing the final 2.5 ns of the simulation run.Fig. 9

The interactions between IL-18 ligand and its receptor, along with several adapter molecules, trigger various signaling pathways responsible for immuno-regulatory as well as immunomodulatory activities. We have identified the main ligand/receptor interaction sites in IL-18 systems based on the available PDB structures. Their time-based stabilities are also assessed. Over-reactivity and imbalance of IL-18 can be the causes of various diseases; the ligand-receptor interactions and the interactions between ligand and IL-BP, as those described in this paper, can help to design proper IL-18/IL-18R inhibitors. Additionally, IL‐18 plays a major role in infection related inflammation such as coronavirus or influenza virus infections. A recent study reveals that in case of murine coronavirus infection, IL-18 enhances the immunity by releasing IFN-γ ([@bib0340]).

Furthermore, along with several other cytokines, IL-18 can be used as adjuvants with HIV and several other vaccines ([@bib0020]). In recent years, due to outbreak of SARS-CoV-2 pandemic, considerable attentions have been directed towards the immunity development against viral pathogens. The present paper demonstrates that, IL-18 itself is a structurally steady protein and that it can retain this stability over a relatively extended time-scale. This observation points at the potential use of IL-18 as an adjuvant for antibody generation and immune enhancement, which, in turn could facilitate future strategies to develop novel treatments for communicable viral diseases.

4. Conclusions {#sec0060}
==============

The computational results presented in this work describe a set of residue-level analyses of the IL-18 systems based on their published structures. This investigation also explores the PPIs between the IL-18/IL-18R and the IL-18/IL-18BP systems, and notes the relevance of the findings. The time-based structural stabilities of IL-18, in both its apo and ligand bound holo forms have been measured using MD simulation. The results show that, the ligand is somewhat more stable in its receptor bound structures. The ligand bound receptor monomer 3WO3 has been found to be somewhat more stable than the ligand bound receptor dimer 3WO4. The immunological significance of IL-18 signaling is rooted in the fact that, IL-18 is related to numerous autoimmune and inflammatory diseases, and that the interruption of IL-18/IL-18R signaling cascades impact the development of anti-inflammatory drugs/drug-targets. Additionally, IL-18 upregulates Fas ligand and interferon gamma (IFN-γ) leading to the process of apoptosis or cell death. IL-18 biologics may be relevant also in the contexts of immunity enhancement approaches. Thus the detailed identification of the ligand/receptor interfaces of this protein, and subsequent identification of targeted-therapy based on computer modeling efforts, as those discussed in this paper, could be helpful in the development of predictive immunotherapy and precision bio-therapeutics.
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